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6. Abstract 

The characteristics of an integrated circuit transistor, 
operating in the saturated mode, cannot be determined 
from simple lumped parameter relationships. Due to the 
geometry of these transistors, the series collector re- 
sistance must be calculated using conformal mapping 
techniques. 

To accurately determine the saturation characteristics, 
distributed models are developed for the five regions of 
the transistor. Using these models as a guide, differ- 
ence equations describing each region are formulated. 
Insight into the operation of the transistor can be 
gained by examining the internal current densities pre- 
dicted by the model. 
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DEVELOPMENT OF A MODEL FOR DISTRIBUTED SATURATION 
CHARACTERISTICS IN INTEGRATED DEVICES* 

By W. W. Happ 
National Aeronautics and Space Administration 

Cambridge, Massachusetts 
and 

L. B. Dickson 
Motorola Semiconductor Co. 

Scottsdale, Arizone 
SUMMARY 

The characteristics of an integrated circuit transistor, 
operating in the saturated mode, cannot be determined from 
simple lumped parameter relationships. Due to the geometry 
of these transistors? the series collector resistance must 
be calculated using conformal mapping techniques. 

To accurately determine the saturation characteristics, 
distributed models are developed for the five regions of the 
transistor. Using these models as a guide, difference equa- 
tions describing each region are formulated. Insight into 
the operation of the transistor can be gained by examining 
the internal current densities predicted by the model. 

INTRODUCTION 

The saturation voltage specification is often the most 
severe specification placed upon an integrated circuit 
transistor, and many times the ac as well as the dc-voltage 
performance is limited by this specification. To truly 
optimize the design of an integrated circuit transistor, a 

necessary. (All symbols to be used are defined in the A' ppendix.) is 
method for calculating the saturation voltage, Vce(sat 

transistor in Figure 1 depend upon two-dimensional current 
flow. The following must be considered: 

The saturation characteristics of the integrated circuit 

(1) The effect on the emitter-base potential, Ve, of the 
lateral current flow in the distributed base 
resistance. 

( 2 )  The combined effects of lateral current flow in the 
base and collector regions on the collector base 
potential, Vc. 

( 3 )  The effect of the planar base and collector contacts 
on the series base resistance, R B ~ ,  and series 
collector resistance, Rsc. - .~ 

*The work reported here was published in part an an M.S. thesis 
of L. B. Dickson at Arizona State University. 



This investigation considers all of these effects. 
Previous related investigations by Ebers and Moll (ref. 1) , 
Gosh (ref. 21, and Hauser (ref. 3 )  have only partially 
treated this problem. Dr. F. A. Lindholn of the University of 
Florida and Dr. J. Staudhammer of Arizona State University have 
significantly contributed ideas and valuable suggestions to this 
work. 

ASSUMPTIONS FOR THE DISTRIBUTED MODEL 

A one-dimensional model for the intrinsic transistor has 
been postulated by Ebers and Moll (ref. 1). This model gives 
the black-box performance of a three-layer transistor in terms 
of the junction potentials, terminal currents, and A(e,c) 
parameters, 
terminology 

'e 

IC 

as defined in Eqs. (1) and (2) in Figure 2, using the 
defined in the Appendix. 

- [..P (-) ve -11 - Aec [ exp (-1 vC -11 (1) 
Vt Vt - 

'e exp (-1 vC -11 ( 2 )  + [ Vt 
- exp (-1 -1 
- Ace Vt 

- kT 
Vt - s where : 

The intrinsic saturation voltage, Vce(sat)*, may be 
obtained from this model by solving Eqs.(l) and (2) for Ve and 
VC 

V,e (sat) * is proportional to log a ~ .  
such as those experienced in integrated circuit transistors, 
Vce(sat)* is sensitive to changes in a ~ .  

For small values of a ~ ,  

The expression for Vce sat)* neglects the effect of Rsc. 
The standard approximation 6 efining the total saturation 
voltage 

( 4 )  - - 
'ce (sat) - Ve - Vc + IC Rsc - Vce (sat) * + IC Rsc 

is valid only for conventional transistors with one-dimensional 
flow. 
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Figure 1.- Cross section of one half of an integrated circuit 
transistor showing the structure, distributed re- 
sistances, basic regions, and X axis 

-v, + +vc-  

Figure 2.- Currents and voltages f o r  the Ebers and Moll model 
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The l a t e ra l  f low o f  col lector  and base c u r r e n t s  i n  
i n t e g r a t e d  c i r c u i t  t r a n s i s t o r s  p r e v e n t s  t h e  s e p a r a t i o n  of 
t h e  t e r m s  i n  such a s imple  manner,and f o r  such a t r a n s i s t o r ,  

vc, ve, V c e ( s a t ) * ,  
r e s i s t a n c e ,  Rb. 
l a t e r a l  d i s t a n c e  i n  F i g u r e  1 and cannot  be t r e a t e d  as c o n s t a n t  
across t h e  t r a n s i s t o r  (refs. 2 ,  3 ) .  

and aI are f u n c t i o n s  of  Rsc and t h e  base  
I n  f a c t ,  Vc and Ve become f u n c t i o n s  of the 

T o  examine t h e  o p e r a t i o n  of  t h e  t r a n s i s t o r  under such 
c o n d i t i o n s ,  a d i s t r i b u t e d  model w i th  one-dimensional t r a n s i s -  
t o r s  i n t e r c o n n e c t e d  wi th  a p p r o p r i a t e  resistors is  developed. 

Gosh ( r e f .  2 )  developed a s i m i l a r  model f o r  o p e r a t i o n  i n  
t h e  active mode, b u t  d i d  n o t  app ly  it t o  s a t u r a t e d  mode of 
o p e r a t i o n ,  and,  t h u s ,  d i d  n o t  i n c l u d e  t h e  e f f e c t  o f  Rsc. 

I t  i s  assumed t h a t  t h e  t r a n s i s t o r s  t o  be  m o d e l e d ' i n  t h i s  
manner w i l l  be  go ld  d i f f u s e d  t o  improve t h e i r  swi t ch ing  per -  
formance. Th i s  t echn ique  e s s e n t i a l l y  e l i m i n a t e s  t h e  active 
p a r a s i t i c s  created by t h e  substrate-collector j u n c t i o n  of an 
i n t e g r a t e d  c i r c u i t  t r a n s i s t o r  ( r e f .  4 ) .  There fo re ,  t h e  e f f e c t  
of t h i s  j u n c t i o n  i s  s imply t o  c o n s t r a i n  t h e  c o l l e c t o r  c u r r e n t .  
Th i s  c o n s t r a i n t  w i l l  be consid.ered i n  t h e  c a l c u l a t i o n  of  Rsc 
and a c c u r a t e  r e s u l t s  may be ob ta ined .  

DEVELOPMENT O F  THE DISTRIBUTED MODEL 

The t r a n s i s t o r  shown i n  F igu re  1 may be d i v i d e d  i n t o  
f i v e  r eg ions  : 

Region I :  The i n t r i n s i c  r e g i o n  c o n s i s t i n g  of  t h e  

Region 11: The area between t h e  e m i t t e r  and base 

Region 111: The e q u i p o t e n t i a l  base  c o n t a c t  r eg ion  
Region I V :  The r e g i o n  between t h e  edge o f  t h e  base  

Region V: The r e g i o n  between t h e  base and c o l l e c t o r  

c r o s s  s e c t i o n  which i n c l u d e s  t h e  e m i t t e r  

c o n t a c t  

and t h e  base c o n t a c t  

c o n t a c t  

Regions 11, 111, and I V  w i l l  be r e f e r r e d  t o  as t h e  
e x t r i n s i c  r eg ions .  Each s e c t i o n  of  t h e  i n t r i n s i c  r e g i o n  
(Region I ) ,  r e p r e s e n t s  a c lass ica l  one-dimensional t r a n s i s -  
t o r  wi th  t h e  e m i t t e r  area e q u a l  t o  t h e  collector area. The 
s e c t i o n s  i n  t h e  e x t r i n s i c  r eg ions  are c o l l e c t o r  base d iodes .  
I n  Region 111, t h e  e f f e c t i v e  base r e s i s t a n c e  i s  ze ro  because 
of t h e  ohmic c o n t a c t ,  and i n  Region I V  t h e  base r e s i s t a n c e  

4 



i s  assumed t o  be z e r o  for  s i m p l i c i t y .  The v a l i d i t y  of  t h i s  
approximation i s  d i s c u s s e d  l a t e r .  

F igu re  3 shows t h e  d i s t r i b u t e d  model for  a l l  r e g i o n s  of 
t h e  t r a n s i s t o r .  
be found by summing t h e  t e r m i n a l  v o l t a g e s .  

Using t h i s  f i g u r e  as a gu ide ,  V c e ( s a t )  may 

'ce ( sa t )  - 'en + 'b - Vcnl  + vlc  (5) - 

where t h e  above v o l t a g e s  a r e  f u n c t i o n s  of the t e r m i n a l  c u r r e n t s  
and t h e  "A" parameters  of each  r eg ion .  Closer examinat ion 
shows t h a t  t h e  v o l t a g e s  i n  Eq.  ( 5 )  are a l s o  s t r o n g  f u n c t i o n s  
of  t h e  l a t e r a l  col lector  and base  c u r r e n t s ;  t h e r e f o r e ,  V c e ( s a t )  
determined f r o m  E q .  ( 5 )  w i l l  be  a c c u r a t e  f o r  " t o p  c o l l e c t o r "  
t r a n s i s t o r s .  

The v a l u e s  o f  t h e  v o l t a g e s  i n  E q .  ( 5 )  can be found by 
w r i t i n g  d i f f e r e n c e  e q u a t i o n s  r a t h e r  t h a n  d i f f e r e n t i a l  equa- 
t i o n s  us ing  t h e  d i s t r i b u t e d . m o d e 1  a s  a gu ide .  For Region I 
(F igu re  4 1 ,  t h e  c u r r e n t  r e l a t i o n s h i p s  a r e  g iven  by: 

t h a t  i s :  Ibo = f l  ( V e ,  Vc)  

and I = f 2  (V,, Vc) co  

( 9 )  - - 
'cl - 'co + 'bo Rb I C 0  Rc 

S u b s c r i p t s  0 and 1 r e f e r  t o  t h e  i n i t i a l  and f i r s t  r e g i o n  
of t h e  model shown i n  F i g u r e  4 .  T y p i c a l l y ,  t h e  change i n  
v o l t a g e  from one s e c t i o n  t o  a n o t h e r  i s  i n  t h e  o r d e r  of few 
m i l l i v o l t s ,  b u t  because  t h e  c u r r e n t s  a r e  e x p o n e n t i a l  func- 
t i o n s  of  t h e s e  v o l t a g e s ,  t h i s  change i n  v o l t a g e  i s  impor tan t .  

5 
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I I c ( x ) - +  I I 
I I I I 

I I I I 

R C  I I 

K=N I K=  0 K= N K= M 

Figure 3.- Distributed model of integrated circuit transistor 
defining voltages that make up Vce(sat), limits to 
summations (N, M, and N1) and currents 

E 

x = o  
K = O  K =  I K =  N 

N- 

Figure 4.- Distributed model of region I - the intrinsic region 
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The equa t ions  f o r  t h e  n t h  s e c t i o n  i n  Region I are: 

Vek 
n 

k = O  
= 2 (1 - a n )  Aee exp(---) 'bn = c 'bk 

k = O  Vt 

= (1 - aI) Aec [exp (-1 Vek - 
Vt 

ee k = O  k = O  

- - [.XP (,t) Vck - 11 

wi th  

Ve (k+l) = Vek + Ibk RB ( 1 2 )  

(13) - 
'ck RC Vc ( k + l )  = Vck + Ibk RB 

The e q u a t i o n s  govern ing  
are : 

can be found by s e t t i n g  n = N 

t h e  performance i n  Region I1 

Vck 
n 

- [exp (-1 - 11 ( 1 4 )  Ibn  - IbN + 

Vt k = N + 1  

The e q u a t i o n s  govern ing  Regions I11 and I V  are i d e n t i c a l  

With t h e  e q u a t i o n s  w r i t t e n  above, t h e  necessary  v o l t a g e s  

t o  t h o s e  f o r  Region I1 wi th  Rbl = 0 .  

to find Vce(sa t )  are available.  

7 



Then 

N - 
V e N  - veo 4- 'bk RB' k = l  

M 
vb = c 'bk R B 1 f  k = N + 1  

and 

N1 ( 1 9 )  
- k - 0  c 'ck Rc 

S u b s t i t u t i n g  Eqs. (17), (18), and ( 1 9 )  i n t o  Eq. ( 5 ) :  

N1 

The t e r m i n a l  base  and c o l l e c t o r  c u r r e n t s  are e v a l u a t e d  a t  
n = N1 and s i m i l a r  e q u a t i o n s  can be w r i t t e n  fo r . t hem.  

c u r r e n t s  and v o l t a g e s  a r e  g iven  i n  t e r m s  of VCo and Veo and 
t h e  A ( e , c )  parameters .  With a j u d i c i o u s  c h o i c e  o f  VCo and 
Veo and t h e  use  of a computer,  Vce(,,t)can be  c a l c u l a t e d  f o r  
any d e s i r e d  t e r m i n a l  c u r r e n t .  

With t h e  r e s u l t s  from t h e  above e q u a t i o n s ,  t h e  necessa ry  

THE EFFECTIVE INVERSE CURRENT G A I N  

The e f f e c t i v e  a 1  o f  an  i n t e g r a t e d  c i r c u i t  t r a n s i s t o r  
is, a f u n c t i o n  of t h e  l a t e r a l  p o s i t i o n  of t h e  c u r r e n t  be ing  
i n j e c t e d  from t h e  c o l l e c t o r  i n t o  t h e  base .  F igu re  1 shows 
t h e  c o l l e c t o r  j u n c t i o n  i s  much l a r g e r  t h a n  t h e  e m i t t e r  
j u n c t i o n ,  and c u r r e n t  i n j e c t e d  long d i s t a n c e s  away from t h e  
emitter w i l l  n o t  c o n t r i b u t e  t o  t h e  i n v e r s e  e m i t t e r  c u r r e n t  
and thus  reduce a ~ .  

Assuming an i n v e r s e  c u r r e n t  g a i n ,  a10,  f o r  Region I 
and an i n v e r s e  c u r r e n t  g a i n  o f  zero f o r  t h e  e x t r i n s i c  r e g i o n s ,  

8 



t hen  t h e  r e s u l t s  of  t h e  p rev ious  s e c t i o n  can be  used t o  cal- 
culate t h e  e f f e c t i v e  a ~ .  
c u r r e n t  which o r i g i n a t e s  i n  t h e  collector and Ic i  as t h e  
t o t a l  c u r r e n t  i n j e c t e d  o u t  of t h e  collector,  t h e  a lpha  e f -  
f e c t i v e  i n v e r s e  i s  g iven  by: 

I f  I b i  i s  de f ined  as t h e  t o t a l  base  

'bi = (1 - -) 
Ic i  I e f  f a 

where Ici is  g iven  by: 

N1 vc 
I c i  Vt 
=E exp - 

where t h e  summation ex tends  over  a l l  r eg ions  o f  t h e  t r a n s i s -  
t o r s ,  and 

THE S E R I E S  COLLECTOR RESISTANCE 

The series c o l l e c t o r  r e s i s t a n c e ,  RSC, may be  approxi -  
mated t o  be t h e  r e s i s t a n c e  between two conduct ing  p l anes  as 
shown i n  F igu re  5b, w i t h  one c o n t a c t  r e p r e s e n t i n g  t h e  c o l -  
l e c t o r  N+ d i f f u s i o n  and t h e  o t h e r  t h e  e m i t t e r  d i f f u s i o n  
(F igure  5 a ) .  Assuming charge  n e u t r a l i t y  ( i . e . ,  v 2 p  = 0) i n  
t h e  c o l l e c t o r  area, mapping t echn iques  (Eqs. ( 5 ) ,  (6), and 
( 7 ) )  may be  used t o  f i n d  t h e  capac i t ance  f o r  t h i s  geometry: 

I L  

IT ITL 
2d where U1 = - t a n  h 

- IT ITL m and U2 - - t a n  h (-- 2d 4d -k 2d) 

I 

9 



a. 

I I 

1 I 
I I 

I 
N TYPE SEMICONDUCTOR 

P TYPE SEMICONDUCTOR 

I I 

b. 

I 

b I 

Figure 5.- Shows the similarity of the cross-section of the integrated circuit 
transistor (Part a) to the geometry, which was conformally mapped 
by Kaiser and Castro 



and Z i n  t h e  l e n g t h  of t h e  s t r i p e  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n s  shown. K and K' are  t h e  complete e l l i p t i c  i n t e g r a l  
o f  t h e  f i r s t  k i n d  of  i t s  con juga te  r e s p e c t i v e l y ;  i . e . :  

u1 

u2 
K' (-) = K I K' (-) = K 

u2 

( 2 7 )  

U t i l i z i n g  t h e  analogy between c a p a c i t a n c e  and r e s i s t a n c e ,  
RC = p E E ~ ,  Smythe ( re f .  8 ) ,  where R and C are t h e  lumped 
e q u i v a l e n t  r e s i s t a n c e  and capaci tance,  r e s p e c t i v e l y ,  and P and 
E E ~  are t h e  d i s t r i b u t e d  r e s i s t i v i t y  and p e r m i t i v i t y  o f  t h e  
ma te r i a l ,  t h e s e  r e s u l t s  can be used t o  c a l c u l a t e  t h e  series 
r e s i s t a n c e  f o r  an i n t e g r a t e d  c i r c u i t  t r a n s i s t o r .  The series 
c o l l e c t o r  r e s i s t a n c e  f o r  a t r a n s i s t o r  w i t h  e m i t t e r  l e n g t h  Z 
i s :  

The a n a l y s i s  has  been two d imens iona l ,  b u t  f o r  most 
t r a n s i s t o r s  of  i n t e r e s t ,  Z i s  >>  L,d and t h e  end e f f e c t s  can 
be neg lec t ed .  I f  E q .  ( 2 8 )  i s  used when Z = L ,  worst-case 
va lue  r e s u l t s .  

LIMITATIONS O F  THE MODEL 

The model i s  a c c u r a t e  f o r  low c u r r e n t  r anges ,  b u t  has  
a n t i c i p a t e d  l i m i t a t i o n s  a t  h igh  c u r r e n t  l e v e l s .  Impor tan t  
f a c t o r s  n o t  i nc luded  i n  t h e  model which a f f e c t  t h e  r e s u l t s  
a t  h igh  c u r r e n t  l e v e l s  are:  

(1) A t  h igh  c u r r e n t  l e v e l s ,  a l p h a  w i l l  dec rease  because 
of t h e  e l e c t r o n i c  j u n c t i o n  motion which i n c r e a s e s  
t h e  base  wid th ,  ( r e f s .  9 ,  lo), and,  t h u s ,  reduces  
t h e  base  t r a n s p o r t  fac tor  and t h e  e m i t t e r  e f f i c i e n c y .  
For  l a r g e  c u r r e n t s ,  c o n d u c t i v i t y  modulation a l s o  
reduces  t h e  e m i t t e r  e f f i c i e n c y ,  and t h e  n e t  r e s u l t  
i s  t h a t ,  a t  h igh  c u r r e n t  l e v e l s ,  a l p h a  w i l l  d e c r e a s e  
r a p i d l y .  

( 2 )  The r e s i s t i v i t y  and a s s o c i a t e d  r e s i s t a n c e s  f o r  t h e  
base  and c o l l e c t o r  r e g i o n s  are i n v e r s e l y  r e l a t e d  t o  
t h e  m a j o r i t y  car r ie r  c o n c e n t r a t i o n s  i n  t h e s e  r e g i o n s .  
A t  h i g h  c u r r e n t  d e n s i t i e s ,  t h e  number of  m a j o r i t y  
car r ie rs  i s  r a d i c a l l y  i n c r e a s e d  t o  ma in ta in  charge  

11 



n e u t r a l i t y ,  and t h e  r e s i s t i v i t y  and t h e  v a l u e s  of t h e  
r e s i s t a n c e s  are reduced.  

( 3 )  A t h i r d  l i m i t a t i o n  t o  t h i s  model r e s u l t s  f r o m  t h e  
l i n e a r i z a t i o n  of t h e  series co l lec tor  r e s i s t a n c e .  

I t  w a s  shown t h a t  t h i s  r e s i s t a n c e  i s  e f f e c t e d  by t h e  
crowding of t h e  c u r r e n t  n e a r  t h e  co l lec tor  c o n t a c t  and 
e m i t t e r ,  and t h e  method f o r  a c c u r a t e l y  c a l c u l a t i n g  t h e  
r e s i s t a n c e  i s  g iven  e s p e c i a l l y  f o r  h igh  c u r r e n t s .  The v a l u e  
o f  c o l l e c t o r  r e s i s t a n c e  used i n  each s e c t i o n  of t h e  model w a s  
found by d i v i d i n g  t h e  t o t a l  Rs by t h e  number of s e c t i o n s .  
T h i s  l i n e a r i z a t i o n  assumes a c o n s t a n t  d i s t r i b u t e d  collector 
r e s i s t a n c e .  Th i s  assumption i n t r o d u c e s  a second-order 
inaccuracy  which becomes impor t an t  a t  h igh  c u r r e n t  levels.  

APPLICATIONS O F  THE MODEL 

The model i s  a d i s t r i b u t e d  v e r s i o n  o f  t h e  non- l inea r  
model proposed by Narud and Meyer ( r e f .  9 )  and w i l l  a c c u r a t e l y  
p r e d i c t  o p e r a t i o n  i n  t h e  active mode. I n  t h e  a c t i v e  mode, one 
can p r e d i c t  t h e  e m i t t e r  c u r r e n t  d e n s i t y  f o r  a g iven  t o t a l  
e m i t t e r  c u r r e n t .  A s  w a s  shown by Kirk ( r e f .  lo), t h e  maximum 
number of  carr iers  p a s s i n g  through t h e  c o l l e c t o r - b a s e  deple-  
t i o n  reg ion  must be  k e p t  less than  t h e  i o n i z e d  impur i ty  d i s -  
t r i b u t i o n  i n  t h a t  r e g i o n  f o r  t h e  t r a n s i s t o r  t o  o p e r a t e .  

The number of carriers p a s s i n g  through a r eg ion  as r e l a t e d  
t o  t h e  c u r r e n t  d e n s i t y  may be determined.  T h i s  model g i v e s  t h e  
c u r r e n t  d e n s i t y  i n  any r e g i o n ,  and t h e r e b y ,  p rov ides  a means t o  
exsu re  t h a t  t h e  maximum a l lowab le  c u r r e n t  d e n s i t y  w i l l  n o t  be 
exceeded. 

The model may be expanded t o  g i v e  t h e  t r a n s i e n t  response 
of an i n t e g r a t e d  c i r c u i t  t r a n s i s t o r .  I t  would be  necessa ry  t o  
inc lude  both j u n c t i o n  and d i f f u s i o n  c a p a c i t a n c e s  f o r  each sec- 
t i o n  of  t h e  model. An a n a l y s i s  based on t h e  model of t h e  c o l -  
l e c t o r  r eg ion  would g i v e  t h e  s t o r a g e  t i m e  o f  t h e  t r a n s i s t o r ;  
however, t h e  r e l a t i o n s h i p s  a r e  n o n l i n e a r  and a computer s o l u -  
t i o n  would be necessa ry .  

P R I N C I P A L  C O N T R I B U T I O N S  O F  MODEL 

The model h e r e  proposed,  and t h e  t echn iques  developed t o  
u t i l i z e  i t ,  o f f e r  s i g n i f i c a n t  a i d s  t o  t h e  d e v i c e  des igner .  

(1) Appropr ia te  formulas w e r e  dev i sed  f o r  t h e  c a l c u l a t i o n  
of  t h e  series col lector  r e s i s t a n c e  of i n t e g r a t e d  
c i r c u i t  t r a n s i s t o r s .  

12 



(2) The expressions for the saturation voltage and 
effective aI were developed from a distributed 
model. 

( 3 )  Perhaps the most important result of this analysis 
is the insight into the operation of the transistor 
that has been gained by examining the potentials and 
currents inside the transistor as a function of 
lateral distance. This insight aids in the opti- 
mization of transistors for a given function. 

An experimental verification of the mode1,here developed 
shows excellent agreement with theory, and has been discussed 
elsewhere (refs. 11, 12). 
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APPENDIX 

Glossary of Terms 

A 

'n 
$ 

I a 
4 

'b 

IC 

'e 
J 

k 
kT 
9 
- 

K,K' 

k 

P 
L 

M 

N1 

no P 

A basic parameter used to model transistors - defined 
in Eqs. (1) and (2) 

The common base current gain of a transistor operating 
in the normal mode, i.e., a n 
The common base current gain of a transistor with the 
collector acting as the emitter, i.e., in the inverse 
mode. 

= Ic/Ie, Vc = constant 

Permitivi ty 

Diffusion coefficient of minority carriers in a 
semiconductor 

Base current 

Collector current 

Emitter current 

Current density in amps/cm 

Boltzman's constant = 8 . 6 3  X 10. eu/OK 

2 

-5 

Reference voltage at 25OC of value - 26 millivolts 

The complete elliptic integral of the first kind and 
its conjugate 

General section of distributed model, e.g., Eq. (12) 

Diffusion length of holes in N-type semiconductors 

The section immediately under the base contact 

The section at the edge of the emitter 

The section at the edge of the base-collector 
junction 

The equilitrium concentration of minority carriers in 
the base of a PNP transistor 
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9 
-19 Electronic charge - 1.6 X 10 esU 

Distributed base resistance under the emitter (in the 
active region) RB 

Distributed base resistance in the enternal region 

The lumped resistance external to the collector-base 
RB1 

RC1 junction 

The total series collector resistance 
RSC 

P Resistivity 

Vce(sat) transistor with no series resistance 
+The saturation voltage of an ideal one dimensional 

Vce( sa t 

ve 

vc 
W 

The saturation voltage 

Emitter-base potential at any point 

Forward biased collector-base potential at any point, 

The base width of the transistor in the active region 

16 NASA-Langley, 1970 - 10 c-12 8 
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